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ABSTRACT

KROGH, TONY CHRISTIAN. Determination of Frontal Structure in the Mid-Atlantic

Region from WSR-88D Doppler Radar Velocity Azimuth Displays. (Under the direction

of Steven E. Koch.)

This research develops a technique for using the WSR-88D Doppler Radar to

study cold air damming events in the mid-Atlantic region. Of particular use is the

Velocity-Azimuth Display Wind Profile (VWP), which is a time-height plot of horizontal

winds above the radar at -300 m intervals. VWPs were gathered from seven stations

across the region for this study.

A thermal retrieval technique is employed using the vertical wind shears obtained

from VWPs, along with the thermal wind equation, to retrieve the horizontal thermal

gradients VrT and the associated horizontal thermal advections. VWP winds are height

referenced, so the rawinsonde stations are used for conversion to pressure coordinates.

Multiple height map analyses of thermal fields are constructed as well as single station

time-height analyses of temperature gradients, thermal advections, and isentropes.

Several methods were explored for the recovery of the horizontal temperature field from

the VrT-wind relationship.

The retrieval technique is applied to two cold air damming events: December 18-

19, 1995 and January 6-7, 1996. Both of these events were major winter storms for the

east coast of the United States. The resulting thermal fields are verified by comparing

them with surface analyses, NWS upper air analyses, and mesoscale model initial

analyses and forecast fields. The comparisons of the retrieved thermal fields with

currently available products was good, and shows the technique to be of use. Retrieved



temperature advections at 850 mb matched well with NWS 850 mb analyses. The

retrieved temperatures proved to be less reliable then the temperature advections because

of the additional assumptions required to reconstruct the temperature field. Nevertheless,

time-height cross sections of the reconstructed isentropes at the radar sites were found to

be consistent with stability changes implied by the thermal advection cross sections.

Furthermore, excellent time-height continuity was displayed in most of the time cross

sections. The greatest value of the retrieval technique lies in the fact that the retrieved

thermal fields are available hourly, as opposed to the operational rawinsonde network

which provide data only every 12 hours.

This retrieval method is limited by making the geostrOphic assumption for the

wind field. Errors become large in areas of strong curvature and ageostrophy. Error

analysis of curvature showed curvature to be negligible in these cases. Also, although it

is highly desirable to use VWP winds from the lowest levels because the cold air

associated with these winter systems is shallow, ageostrophy due to friction can't be

ignored. Error analysis of friction, at one station, showed friction only to be negligible

above -600 m. Finally, round-off error is introduced because of the necessary reliance

upon VWP analog displays of wind vectors.
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1. INTRODUCTION

Winter weather systems in the Carolinas can be complicated. Because of the

Appalachian Mountains to the west, and the Atlantic Ocean and Gulf Stream to the east,

many unique weather situations occur. One especially important event is cold air damming

along the lee of the mountains, often accompanied by a coastal front pushing in from the

Atlantic. This situation presents many forecasting problems. The greatest obstacle to

improving forecasting for these situations has been inadequate space and time resolution of

upper air data. This has led to an inadequate understanding of the three-dimensional

structure and dynamics of these features.

One of the major forecast challenges is the onset and evolution of cold air damming

(CAD) (Forbes et al. 1987; Bell and Bosart 1988). CAD typically occurs when a synoptic

high pressure system moves into the northeastern US, bringing cold air southward into the

Mid-Atlantic region which becomes entrenched along the eastern slopes of the

Appalachians. The location and persistence of this cold air can cause many problems in

forecasting temperatures and precipitation types. Some of the main tools for forecasting

CAD are products prepared using the National Weather Service's (NWS) rawinsonde

network. The results of using the synoptically-spaced (-400 kin) 12-hr soundings to

predict this phenomenon have been poor, as have the attempts to use operational forecast

models (Keeter et al. 1995).

With the installation of the WSR-88D Doppler Radar network across the Mid-Atlantic

region, a large amount of new information has become available to study these winter

weather systems. The purpose of the present study is to exploit some of the information

available from the WSR-88D, specifically the Velocity-Azimuth Display (VAD) Wind

Profile (VWP). This product is an average wind over an area covered by the radar in

horizontal slices at different levels. It gives winds at 1,000 ft. (305 m) intervals every 5-10

minutes.



The VWP thermal retrieval technique used in this research can provide baroclinic

information on an hourly basis, rather than 12 hr as available from the operational

rawinsonde network, and with somewhat better spatial resolution (spacing -240 km). The

objectives of the present research are to (1) use the Neiman and Shapiro (1989) thermal

gradient retrieval technique to retrieve horizontal temperature gradients from VWPs during

two wintertime CAD events in the mid-Atlantic region; (2) develop a temperature recovery

technique to obtain the temperature field from the temperature gradients in the two case

studies; (3) prepare time-height cross section and map analysis products for temperature,

temperature advection, and potential temperature; and (4) compare results to standard

operationally available products (12-hourly rawinsonde analyses, mesoscale model initial

and forecast fields, and 3-hourly surface analyses) for physical consistency and agreement

with observed surface conditions.

A brief history of CAD and the Carolina coastal front, earlier attempts to employ the

thermal retrieval technique using wind profiler data, and the VWP technique are discussed

in section 2. The data used in this study are described in section 3. Specifics concerning

the thermal retrieval techniques used to retrieve temperature gradients, temperature

advections, temperatures, and potential temperatures and discussion of potential sources of

error appear in section 4. Results from applying the technique to two case studies appear in

section 5, followed by the concluding remarks.
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2. LITERATURE REVIEW

2.1 Cold Air Damming

The phenomenon of cold air becoming entrenched along the slopes of mountain ranges

is referred to as cold-air damming (Richwien 1980). The topography of the southeastern

United States can be roughly characterized by geographical zones as illustrated in Fig. 2. 1

(from Dirks et al. 1988). The Appalachian Mountains are the main orographic boundary in

the western area of concern with typical heights of 1.0 km to 1.5 km and a maximum

height of -2 km at Mt. Mitchell, NC. The Appalachian, Piedmont, and Coastal Plain zones

are all aligned almost parallel to the coast and they are each 100 km to 150 km wide. The

Gulf Stream, which is also approximately parallel to the coast, is about 100 km wide and

occurs over the "break" in the continental shelf.

The interaction of the Gulf Stream with the overlying atmosphere is complex and not

fully understood. The Gulf Stream parallels the coast for about 1200 km, from Key West,

FL to Cape Hatteras, NC (Knauss 1978). The Gulf Stream surface temperatures remain at

20-25°C year round with strong horizontal thermal gradients (up to 1°C per kin) observed

between the Gulf Stream and the continental shelf during the winter. The western edge of

the stream is easily identifiable because of this horizontal temperature gradient, thus the

term "Gulf Stream front". As the Gulf Stream meanders and frontal eddies move through

the stream, mesoscale variability in sea surface temperature and evaporation rates occur

(Dirks et al. 1988). This variability is evident since the Gulf Stream's sea surface

temperature front can be displaced as much as 40 km from the mean position of the stream

(Bane and Brooks 1979). A small shift in the strength or position of the Gulf Stream will

affect the overall ocean-atmosphere heat balance (Bauman 1989).

A ridge of high pressure, which can be identified by U-shaped isobars on a surface

analysis, characterizes damming events that occur along the eastern slopes of the

Appalachian Mountains (Fig. 2.2). The temperature difference between the damming
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region and the coast (-150 km) can exceed 20'C. As a result, the depth and structure of

the cold dome can be a critical factor in distinguishing a rain event from a sleet or freezing

rain event as liquid precipitation passes through the cold dome and freezes or becomes

supercooled (Penn 1957; Chain6 1973; Forbes et al. 1987; Fritsch et al. 1992).

Bell and Bosart (1988) used a 50-year climatology to show that in the Virginia-

Carolinas region of the eastern slopes of the Appalachian Mountains damming can occur in

any month of the year. Over two-thirds of all damming events and damming days occurred

between October and April. The winter months, especially March and December, are five

times more likely, on the average, to experience a strong event than July. The summer

damming episodes are neither as intense nor as prolonged as their winter counterparts.

Keeter et al. (1995) explained damming this way. An upper-level split flow pattern,

consisting of two distinct and separate jet streams, often exists across North America

during damming episodes. The confluence of the two streams along the east coast

produces mass convergence aloft that enhances the polar anticyclone at it tracks eastward

toward the coast. The damming develops when cold air flowing southward on the east side

of the anticyclone encounters the mountains. As the cold air builds up against the

mountains, the air is forced to move southward east of the barrier, creating a "wedge" of

high pressure (sometimes referred to as a Baker ridge). This southward movement of the

air is highly ageostrophic and more or less in the direction of the pressure gradient force.

This flow results from the deceleration of the wind due to increased friction as the air

approaches the mountain slopes (Bell and Bosart 1988). This force imbalance between

Coriolis and pressure gradient causes the wind to accelerate southwestward, in the direction

of the stronger pressure gradient force. Adiabatic cooling, due to this upslope component

of the boundary-layer flow, and evaporative cooling of precipitation falling below the

clouds, together help to maintain the cold dome. Since the inversion at the top of the cold

air slopes downward to the east, a barrier jet, which is a low-level wind maximum parallel

4



to the terrain contours (i.e., northeast wind), may develop near the base of the inversion.

This jet forms in response to the geostrophic winds on the east side of the damming

pressure ridge in combination with the orographic channeling. The sloping inversion often

appears to be an elevated extension of the coastal front (Forbes et al. 1987). There was no

evidence of any such barrier jet in the WSR-88D data analyzed in this study, though no

attempt was made to understand why this was the case.

Figure 2.3 shows the typical low-level flow patterns associated with cold-air damming

events. Warm moist air flowing northeastward from the Gulf of Mexico, or westward

from over the Gulf Stream, overruns the cold air dammed against the eastern slopes of the

Appalachians. This frontal ascent typically results in extensive and persistent low

cloudiness and stratiform precipitation. The surface flow for CAD is normally highly

ageostrophic, especially during the onset of the event. During strong damming events, the

shallow boundary along the eastern and southern periphery of the cold air dome is typically

found in the coastal area of the Carolinas. For weaker events, or even as a strong cold

dome erodes, the shallow boundary is often located inland over the Piedmont or coastal

plain regions. Strength of CAD events is not so much correlated with its depth as it is with

the resistance of the cold dome to erosion.

A spectrum of cold air damming events has been suggested recently by Hartfield et al.

(1995). "Classical" cold air damming events are initiated and maintained by synoptic-scale

features that include: i) a connecting/supporting surface parent high over New England; ii)

confluent flow at 500 mb above the parent high and; iii) superpositioning of the thermally

direct and indirect circulations associated with the entrance region of the polar jet and the

exit region of the subtropical jet. "In situ" damming events are categorized as those CAD

events that are initiated with little or no support from the prevailing synoptic-scale features.

As a result, there is no significant advection of cold, stable air into the damming region.

The indirect effects of diabatic evaporational cooling on the air mass already in place is
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thought to lead to "in situ" damming, augmented by cooling caused by upslope flow in

some cases. "Hybrid" damming events are due to the combined contributions from both

diabatic cooling processes and weak horizontal cold air advection (into the damming

region) provided by the rather limited support from somewhat favorable synoptic features.

When the synoptic support is weak, often it is evaporative cooling from precipitation that

tips the scales toward the development of a damming event (Fritsch et al. 1992).

Damming look-alikes include cool air pooling produced by diabatic processes acting

alone or in combination with upslope cloudiness produced solely by orographic ascent.

The presence of cloudiness (and precipitation) within the cool air region, in contrast to less

cloudy conditions in the warm sector, helps to maintain the thermal contrast across the front

and may help to initiate strong frontal convection (Businger et al. 1991; Koch et al. 1996)

2.2 Carolina Coastal Front

Riordan (1996) describes the coastal front as a shallow, but intense, baroclinic zone

that forms along the east coast of the United States in winter. The coastal front marks the

transition between a warm, statically less stable maritime air mass and a cold, more stable

continental air mass that lies to the west. Temperature contrasts across the front attain as

much as 10'C over a short distance of 50 km.

Offshore of the Carolinas, frontogenesis is frequently observed in the vicinity of the

Gulf Stream (e.g., Bosart et al. 1972; Bosart 1975; Marks and Austin 1979; Ballentine

1980; Bosart 1981; Bosart and Lin 1984; Riordan et al. 1985; Nielsen 1989; Riordan 1990;

Keeter et al. 1995; Riordan 1996). The typical "Carolina" coastal front develops in

conjunction with cold air damming and is characterized by an inverted trough in the sea-

level pressure field, a tight low-level thermal gradient, and a wind shift (Figure 2.4).

The coastal front can serve as the focus for primary or secondary cyclogenesis that

subsequently can affect the entire east coast of the United States, or at other times it can

6



serve as the focus for the development of severe convective storms in the Carolinas (Vescio

et al. 1993). Unfortunately, current numerical forecast models are unable to forecast

certain details of these coastal front and cold air damming events (Forbes et al. 1987; Bell

and Bosart 1988; Keeter et al. 1995; Riordan 1996). Due in part to a lack of vertical

resolution, current numerical models will depict the warm-advection, which occurs over the

shallow cold air wedge, as extending to the surface. Thus a forecast of rain is indicated

when, in fact, a freezing rain event occurs. Also the temporal and spatial limitations of the

current upper-air observational network, consisting of soundings taken only at 12-h

intervals, at stations scattered hundreds of kilometers apart, impacts the accuracy and

resolution to which these events can be depicted by numerical models (Keeter et al. 1995).

Most mesoscale models, and particularly operationally run ones, have only a rather crude

representation of the Appalachian Mountains, which further limits the ability of the models

to maintain CAD once it occurs.

2.3 Retrieving Horizontal Temperature Gradients from Profilers

With the difficulties in forecasting due to model shortcomings and given the dangerous

weather that can occur, improvements are very much needed. This study attempts to use

WSR-88D data to obtain additional thermal information during these weather events.

The single-station thermal retrieval technique used here was first proposed by Neiman

and Shapiro (1989), where it was applied to VHF wind profiler data. They found the

timing, altitude, and magnitude of the profiler-retrieved temperature gradients and

horizontal advections compared favorably with synoptic and mesoscale thermal fields and

evolutions observed by the operational rawinsonde network. The retrieval of horizontal

temperature gradients by a single wind profiler is generally effective in quasi-balanced flow

regimes, but becomes less reliable in flow regimes dominated by nonbalanced gravity wave
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activity, highly curved flow, or frictional effects. Their technique is adapted to radar winds

in this study, and is discussed in Section 4.

Additional studies have been done using wind profiler data and Radio Acoustic

Sounding System (RASS) temperature data. Neiman et al. (1991) found temporal

fluctuations (-3 h) in the depth of the cold air behind an arctic front that was observed by

the RASS between the operational 12-h rawinsonde observing periods, and which agreed

with the thermal gradient retrievals from the profiler. Neiman et al. (1992) found

mesoscale wind velocity and thermal features up to 400 mb that were unresolved

temporally and spatially by the synoptic-scale rawinsonde network. Thermal retrieval

techniques using systems that are widely available to NWS forecasters, in particular, the

WSR-88D Doppler radars, have neither been developed nor tested. The present study

represents the first known attempt to conduct such an investigation.

2.4 Velocity Azimuth Display (VAD) Wind Profiles (VWP)

The VAD display is a graphical plot of mean radial velocity versus azimuth angle for a

particular altitude, assuming that the wind is horizontally homogeneous over the scan

circle. The geometry of a radar scan used by the VAD technique is shown in Figure 2.5.

When the wind is homogeneous at a given altitude, the radial velocity will display a regular

sinusoidal behavior as azimuths are scanned by the radar. A best-fit sine wave is compared

to the plot of the velocity points if a sufficient number of data points exist. This sine wave

is used to compute the wind speed and direction for that particular height. The algorithm

then computes the Root Mean Square (RMS) average velocity difference between the data

points and the fitted sine wave curve. The RMS gives a measure of the reliability of the

estimated mean wind and also may indicate the general level of turbulence and/or non-

homogeneity (e.g. the presence of a wind shift associated with frontal passage may

invalidate VAD measurements in many cases). The VAD algorithm takes base velocity and

8



base reflectivity for input, but the base velocity is most important (Crum and Alberty 1993;

Klazura and Imy 1993).

The WSR-88D system consists of the radar data acquisition (RDA); the radar product

generator (RPG); and principal user processor (PUP). The RDA controls the antenna,

collects analog data from the antenna, and converts the analog data to digital data which

includes the three basic Doppler radar moments - reflectivity, radial velocity, and spectrum

width. The RPG converts the digital data to base products and contains algorithms such as

the VAD. The PUP generates the VWP from the VAD and displays the products as fields

on a color monitor to the radar observer (Crum and Alberty 1993; Crum et al. 1993).

The VWP is an analysis product available on the WSR-88D Doppler Radar System.

This product displays mean horizontal winds (computed from the VAD Algorithm for each

level) on a time versus height chart (Fig. 2.6). As many as 30 conventional wind barbs

from the surface to 15 km can be plotted every 1,000 ft. (305 m) at 5- to 10- minute

intervals. At times, the VWP produces relatively few wind barbs due to the lack of

scatterers or when statistical and symmetry errors are exceeded in the VAD processing

stage (Klazura and Imy 1993). The VWP winds are normally representative of winds

within 20 n mi of the radar. For the heights used in this study (1,000-6,000 ft MSL), the

radius of the radar scanning circles used for the VAD were 12-15 km. The VWP is useful

in the identification of low- and high-level jets, inferred thermal advection patterns (from

determination of wind backing and veering), vertical wind shear, implied depths of frontal

surfaces (from local regions of strong vertical shear), and the development of isentropic

lifting situations (deduced from synthesis of the above features). It is emphasized that the

thermal-related fields are only inferred and not very quantitative. The present research aims

to address these operational limitations.

Lee et al. (1994) made a comparison of wind speeds and directions for various heights

from VWPs with winds at similar heights from nearby rawinsondes for 12 sites in the

9



central and eastern United States The objective was to analyze the VWP product's

performance by comparing it with "truth" data. They found that the overall agreement

between radar and soundings was very good: at all levels the wind directions differed by

less than 10 degrees 85% of the time, whereas wind speed differences were < 5 kt 75% of

the time at all levels.
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3. DATA

Data for this research were collected during the Winter of 1995-1996. This period was

chosen because the primary interest was cold air damming. Also, this was the first winter

when all seven radar sites in the mid-Atlantic region to be used in this study were

operational. Most of the radars did not yet have recorders for saving Level II data, so the

analog Level IV data had to be collected as the event took place. The radar data were

gathered for the seven sites from the PUP at the Raleigh WSFO. During the two cases

which are presented here, the Raleigh radar went down near the end of both events, cutting

off data collection from all radar sites, since data from the other six sites was obtained by a

callable modem from Raleigh.

Surface and upper air data were the other key data collected. North Carolina State

University has a meteorological data ingest system which acquires data from Unidata.

These data were used for upper-air analyses, surface analyses, and soundings. Due to a

system problem, data were lost for the January 6-7, 1996 case. Information was filled in

as much as possible with hand analyses from the Raleigh WSFO and rawinsonde

soundings from the National Climatic Data Center (NCDC). WSI, Inc. radar composites

were also collected from the internet.

3.1 Rawinsonde Data

Data were gathered from five rawinsonde stations (Fig. 3.1). Since the VWPs are

height referenced and the data needed to be in pressure coordinates (for reasons explained

in section 4.1), these rawinsonde sites were used to convert the VWP wind data at constant

height levels to pressure coordinates using the hypsometric equation (Holton 1992) given

as:

P2 =p exp( ), (3.1)
-H
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where P2 is the pressure corresponding to the VWP height z2, H is the scale height (R T/g),

and T is the average temperature which was taken as an approximate layer average (z, to

z2) on the sounding.

Only two of the radar sites were co-located with rawinsonde sites: INS (Morehead

City, NC) and FCX (Blacksburg, VA). The other radars had to be referenced (for the

purpose of height to pressure conversion) to the nearest available rawinsonde site: AKQ

(Wakefield, VA) with WAL (Wallops Island, VA), ILX (Wilmington, NC) with MHX

(Morehead City, NC), CAE (Columbia, SC) with CHS (Charleston, SC), and RAX

(Raleigh, NC) and GSP (Greenville/Spartanburg, SC) with GSO (Greensboro, NC).

VWP analyses that were performed between sounding releases (every 12 hr) referenced

sounding data that were linearly interpolated in time.

3.2 VWP Data

Radar data were gathered and archived as the events occurred. VWP data were lost

only a couple of times from radars when the communication lines failed for a short period.

The other limiting factor for the radar data occurred whenever a fairly clear region moved

over one of the radar sites and the lack of scatterers caused the data to be missing. This

occurred less than 10% of the time for the two cases in this research.

On the individual VWPs, if one vertical wind level was missing, then it was linearly

interpolated from the wind above and below that level. If two or more adjacent data levels

were missing, then they were left as a gap in the data. Out of the 1119 wind values used,

only 16 were interpolated (- 1.5%). The winds on a VAD are color coded by the algorithm

indicating the root mean square error (rinse) (Fig. 2.6). Only winds with rinse < 4 kt were

used as valid wind measurements (for this study, that included -99% of the wind

measurements). Winds were only analyzed for heights z < 6000 ft MSL (1.8 kin). This

was done to make the amount of data processing reasonable, and because this would allow

12



a full examination of typical depths of cold air comprising CAD events in the mid-Atlantic

region (Bell and Bosart 1988).

The focus in this study was to determine changes in thermal fields that occurred over

time intervals >_ 3 hr. Since the instantaneous VWP winds might not be representative of

the larger trend, average winds were calculated for four stations using 1, 3, 5, 7, and 9

time samples (At - 6 min) for the averaging. Stations used for this test were Raleigh,

Greenville/Spartanburg, Wakefield, and Wilmington on December 19, 1996 at 0600 UTC.

Levels up to 6,000 ft were used in the time averages. The -1 hour average of 9 samples

was considered to be the most representative of the overall wind field. The purpose of the

test was to find the minimum amount of data that would still give a good approximation of

that same wind field. The differences from the 9-sample for four stations were averaged

together at each time and plotted for both wind speed and wind direction. Differences as

high as 4 kt resulted for the instantaneous (single sample) wind, whereas for the 3-sample

average, that difference drops to < 1 kt (Fig. 3.2a). The wind direction difference was as

high as 80 for the instantaneous sample, whereas the 3-sample average displayed

differences < 5', and there was no significant improvement by adding more samples in the

average (Fig. 3.2b). For these reasons, a 3-sample average was used throughout this

research for obtaining winds from the VWPs.

3.3 Mesoscale Model Data

The Raleigh NWSFO and North Carolina State University are cooperatively running

and using the Mesoscale Atmospheric Simulation System (MASS) model for real-time

experimental forecasting (Kramer et al. 1996). MASS is a 3-dimensional, hydrostatic,

primitive equation model (Kaplan et al. 1982; Manobianco et al. 1994; Manobianco et al.

1996). The one-way interactive, 15 km resolution nested grid covering the Carolinas and

Virginia is used for comparison in this research. The nested simulation is initialized by the
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coarse grid (45 km) 12-hour forecast, and is integrated for 24 hours ending concurrently

with the 36 h large scale simulation. The model uses a Blackadar planetary boundary layer

scheme, modified Kuo-Anthes cumulus parameterization to include downdrafts, and

explicit microphysical prediction equations (MASS 1994). The coarse grid MASS model is

initialized with the National Center for Environmental Prediction (NCEP) Early ETA model

OOOOZ initialization. The initial moisture field is supplemented by Manually Digitized

Radar and infrared GOES satellite data. The model also contains detailed land use, terrain,

normalized differential vegetation index (NDVI), and high resolution sea surface

temperature data sets (Kramer et al. 1996). The model was run for the events that are

presented here, and used for the purpose of verifying sub-synoptic scale thermal structures

retrieved from the VWP analyses that were not resolvable from the synoptic-scale NWS

rawinsonde observations.
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4. ANALYSIS TECHNIQUES

4.1 Temperature Gradient and Temperature Advection Retrievals

Temperature gradients were retrieved using the geostrophic thermal wind equation

(Holton 1992). If it is assumed that the observed winds are geostrophic (V = Vg) then the

geostrophic wind shear (aVg/@p) is given by the observed shear (DV/ap). The thermal wind

relationship will then be given, in pressure coordinates, as:

aV aVg -R kV-- - xVT, (4.1)

Dp fp

where V = iu + jv, R is the gas constant (287 J kg -1 K'); f the Coriolis parameter (- 10-4

s'), p the layer-mean pressure; k vertical unit vector; and VT = iaT/x + jPT/y is the

geostrophic temperature gradient. V/ap is defined as (V2 - Vl)/(p 2 - p1 ). By taking the

cross product of Eq. (4.1), using vertical finite-differencing (Haltiner and Williams 1980),

and rearranging, we get the single-station retrieved temperature gradient VrT on a

geopotential height surface as:

VrT(Z,t) = f Tk x V[p(z + Az, t),t] - V[p(z - Az, t),t] (4.2)
R 2[p(z + Az, t) - p(z - Az, t)]

As applied herein, V in (4.2) is the VWP wind velocity at height z and time t, p is the

pressure at z and t, Az is the vertical grid length (305 in), and p = [p(z+Az,t) + p(z-

Az,t)]/2. We can obtain the magnitude of VrT on the height surface from the x and y

components of VrT

VrT(Z,t) AT (Z,t)r]2 + AT (Z,t)r]2} 1/ 2  (4.3)
LAX I [Ay J

Temperature advection was calculated from the retrieved temperature gradients and the

VWP layer-mean winds. The VWP layer-mean wind velocity is given by

15



V[p(z + AZt),t] + V[p(z - Az,t),t] (44)
2

Combining (4.3) and (4.4) to get the equation for retrieved temperature advection as:

AT AT
V 0 V rT(Z,t) = -(z,t) Ax (Zt)r + iT(z't) Ay (z' t).  (4.5)

The single-station retrieved temperature gradient vector VrT, as addressed by Neiman and

Shapiro (1989), can deviate from the actual temperature gradient vector V,,cT when the

wind within the layer of interest is not in geostrophic balance. This can be shown and

discussed by using the general form of the thermal wind equation (Forsythe 1945):

V,,cT fP×V pkVXK x-V+ __(IVIKt)kxV+ -- (t-), (4.6)

R ap R Dp RDp RDp dt
a b c d

where K, is the trajectory curvature, and t dlVi is the acceleration of the streamline wind

dt

component in natural coordinates. By vertically differentiating the vector momentum

equation for frictionless horizontal flow, we can obtain (4.6). Natural coordinates are used

where t is the horizontal unit vector along the flow.

If the flow is frictionless, straight (K, = 0), and unaccelerated (dV/dt = 0), then (4.6)

reduces to geostrophic thermal wind balance VrT = V,,cT, and terms b, c, and d = 0.

Vertical gradients of parcel accelerations can cause departures from geostrophic thermal

wind balance. A qualitative assessment of these departures follows: when K, # 0 and is

constant with height and V/ap # 0 then term b 0. For cyclonically curved flow (K, > 0),

I VrTI will underestimate I VacTI. During anticyclonically curved flow (K, < 0), I VrTI will

overestimate I V,,CTI, but in both cases the direction of I V,cTI will be properly estimated.

Errors can arise in direction and magnitude when a(IVI K0)/p # 0, such that term c # 0. In

the simple case where alVI/ap < 0, and a K, /ap < 0 (increasing cyclonic curvature and wind

16



magnitude with height), and uniform wind direction with height, I VTI will underestimate

IVacTI. In more complicated cases where directional vertical shear (nonuniform wind

direction with height) is present, errors can arise in direction and magnitude. Terms a, b,

and c, in Eq. (4.6), can be used to obtain the gradient thermal wind equation.

Vertical gradients of wind-speed accelerations must also be considered. When this

occurs and term d # 0, the estimation of VacT by VT becomes even less reliable. Term d

can be on the same order of magnitude as term a for nonbalanced flow regimes (e.g.,

mountain-induced or thunderstorm-induced gravity waves). This is mainly due to very

large IVg arising from sharp horizontal gradients of pressure (for example, see Bosart and

Seimon 1988). In the presence of these errors from term d, the thermal retrieval technique

becomes much less effective. Finally, there was no direct measurements of vertical

velocities, which can introduce additional errors in the VrT calculations when Vw is large.

4.2 Temperature and Potential Temperature Reconstruction

Once the temperature gradients were extracted, a method was developed to recover the

temperature field on an isobaric surface using a truncated Taylor series expansion of the

temperature at a point:

T(x, y,z) = To(x 0,Yo,Z) + AT (Z't))(X- XO) + - (Z,t) (y- yo), (4.7)

where T(x,y,z) is the temperature at the desired radar site; To is the temperature at some

reference point; AT/Ax(z,t) and AT/Ay(z,t) are the x and y temperature gradients between

the points (WSR-88D radar sites), respectively; and (x-x0) and (y-y 0) are the distances

between the points. The method was tested at one of the rawinsonde times using the VWP

layer that contained 850 mb; i.e., the retrieved -850 mb temperatures were compared to the

850 mb rawinsonde temperatures for meteorological continuity and soundness.
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The temperature retrieval method used the actual sounding temperature at RNK and

MHX (linearly interpolated in time between the 12-hourly rawinsonde release intervals) as

the temperatures for the closely located radars at FCX and INS (Fig. 3.1); the reconstructed

temperatures were then calculated at the three nearest radar sites (AKQ, RAX, and LTX)

using the gradients VT at FCX and INS in (4.7). The rest of the radars were calculated in

the order shown in Figure 4.1. Three calculations were done for each radar (except FCX

and INS) by using VT estimates from the 3 different legs of the triangles, and an average

was taken to reduce error caused by the instantaneous gradient from any one radar. In 3

cases, the reference radar for the calculation only had 2 calculated temperatures. A 2-

temperature average was calculated in order to have a station temperature for the method.

This technique was tested by calculating from the radar at FCX (using the rawinsonde

temperature from RNK) to the rawinsonde station at GSO and also from the radar at INS

(using the temperature from MHX) to RAX, picking up the VT from RAX, and calculating

again to GSO. These calculated temperatures for GSO were then compared to the

rawinsonde observed temperature at GSO. Errors were found to be less than 5°C for all

calculations made. Although 5°C is a significant difference, typical errors were < 2°C.

However, this was a very limited data set, and results should be tested on a much more

extensive data base in future studies.

Once the temperatures were retrieved, Poisson's equation (Holton 1992):

0=T -l0uJ , (4.8)

was used to calculate the potential temperatures. The temperatures at each z and t were

taken with the pressure assigned to that level given by the reverse conversion to pressure

coordinates (see section 3.1).
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The potential temperatures were plotted on time-height charts for each station and

analyzed. The 850 mb isotherm analyses were made from the retrieved temperatures. A

plot was made of height versus natural log of pressure at each radar for each time, then the

height was retrieved that coincided with 850 mb. Next, a height versus temperature plot

was made and the temperature was read at the corresponding height for 850 mb.
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5. CASE STUDIES

Both case studies were chosen because they are wintertime cases, when mountain-

induced gravity waves and convection are minimal. Also, because they are wintertime

cases, large horizontal temperature gradients and correspondingly large DVg/p usually

found during this time of year make the technique more effective than during the warm

season, when the magnitude of DVa/p(terms b-d in (4.6)) approaches aVg/ap.

5.1 December 18-19, 1995

The synoptic situation in this case consisted of a high pressure center located in the

Great Lakes region at 0000 UTC 18 December 1995 (18/0000Z) which did not progress

any further eastward over the next 24 hours. Although this location was not ideal for

classical CAD, it was able to provide a cold northeasterly flow as an extension of the high

pressure system occurred from New England southward into North Carolina, and a large

area of precipitation maintained the damming. The precipitation developed before any solar

heating could take place, giving little chance for the saturated low levels to warm up over

the course of the day. Temperatures in North Carolina remained below 5°C over the entire

period. Precipitation continued to fall over the entire state through 19 December. The

continued diabatic cooling associated with the precipitation and cloud cover helped

reinforce the cold dome. The precipitation was occasionally heavy but remained liquid, and

no severe weather was reported in the Carolinas.

The synoptic high pressure over the Great Lakes had good upper level forcing from a

strongly confluent flow at 500 mb, which acted to anchor the surface high. The

ageostrophic transverse circulation associated with a 300 mb jet entrance region, located

over the northeastern United States, may also have aided in driving cold air southward.

The clearly defined, wedge-shaped surface high pressure ridge was evident in the surface

analysis by 18/0300Z, with the northeasterly flow filtering as far south as Alabama. The
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cold wedge maintained its deep southerly location for 33h (until 19/1200Z), when warm

frontogenesis occurred in northern Georgia and South Carolina in response to an advancing

synoptic low pressure system (Fig. 5.1-5.3). The synoptic low moved along a pressure

trough from southern Texas into West Virginia over the course of the two days.

A typical coastal front developed with this event around 18/1500Z. After 24 hours, the

coastal front had only moved slightly, to a location just west of Wilmington and Cape

Hatteras NC, but never progressed any farther inland (Fig. 5.3). The southerly oceanic

winds behind the front were relatively strong; however, the weaker northerly flow on the

inland side was aided by the diabatic cooling which reinforced the cold air. The warm front

that developed in western South Carolina at 19/0900Z (Fig. 5.1b) remained in that same

general location throughout the event (19/1800Z, see Fig. 5.3).

Radar VWP data were collected for the period 19/0600Z-19/1800Z. Figure 5.4a shows

the retrieved isotherm analysis for 19/1200Z at 850 mb. If we compare the isotherm

pattern to that for the 850 mb level upper air analysis (Fig. 5.5a), we can see that the

overall pattern of east-west orientation matches very well. The values of the northern

isotherms match very well, while those in South Carolina (farthest from the 2 reference

stations) appear to be too warm by about 4°C. Comparing Figure 5.4a to the MASS

19/1200Z initialization (Fig. 5.5b), shows some slightly different details. The MASS

initialization depicts cold air in western North Carolina, similar to the retrieved isotherm

analysis. The MASS isotherms over western North Carolina are oriented northwest to

southeast, which is far different then the west to east orientation of the upper-air analysis.

This difference is due to the MASS model's much higher spatial resolution and use of a

first guess field provided by the NCEP ETA model. The same tendency in the retrieved

isotherms to be too warm by 4'C, compared to the MASS initialization, in the southwest

portion of the analysis domain is seen. Thus, it can be concluded that since neither the

rawinsondes nor the MASS initial fields detected such warm temperatures in South
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Carolina, the retrieval technique has a sizable systematic error growth pattern with

increasing distance from the reference rawinsonde sites (the error grows with increasing (x-

x), (y-y) in (4.7) measured relative to MHX and RNK in Fig. 4.1).

Despite this systematic error component, it is possible that the time-evolving patterns in

the isotherms have considerable value. Notice that 6 hrs later (Fig. 5.4b), the retrieved

isotherm analysis for 19/1800Z depicts a warm tongue in eastern North Carolina. The

MASS 850 mb forecast could not be used for comparison, because the model did not

handle the cold air damming realistically (Kramer et al. 1996): However, the 19/1800Z

surface analysis (Fig. 5.3) shows that warming is indeed very evident in eastern North

Carolina where the coastal front has pushed inland, and that a cool pool has developed in

western North Carolina, most likely because of evaporational cooling and weak upslope

flow. These same two features show up clearly on the retrieved isotherm analysis. Even

more interesting is the existence of the warm tongue at 850 mb in the retrieved analysis

where the observed surface flow indicates the strongest southwest flow of warm air (the

southeastern part of North Carolina). Such conditions promote local convective

destabilization.

The greatest reliance can be put in the temperature gradient (VrT) and thermal advection

(-V 0 VrT) retrievals, since these do not depend on the use of a rawinsonde reference

temperature. Retrieved temperature advection (0 K/day) is displayed on time-height cross

sections for all seven radars in Figs. 5.6 and 5.7. Warm advection is seen throughout the

lower levels of all cross sections which, if above the cold dome, is consistent with typical

cold air damming (Bell and Bosart 1988). The warm-advection at 12Z on the 850 mb

analysis (Fig. 5.5a) matches well with what is found at the 1.4 km height for Raleigh,

Greenville, and Wakefield, while Morehead City and Wilmington show lesser values of

warm advection, consistent with the 850 mb analysis. The strong cold advection seen at

the upper levels in the Raleigh cross section is not seen in any of the available real time
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data. The VWPs show some backing of the winds at that level, but it is slight, so there

was cold advection indicated, but not to the strength that was retrieved.

The retrieved isentropic time-height cross sections for all stations are displayed in

Figure 5.8 & 5.9. The Raleigh cross section (Fig. 5.8a) has missing data at 19/0900Z.

This shows what results when there are not enough scatterers present over the radar to give

returns for a completely filled VWP. In almost all cases, the cross sections indicate the

cold air and persistent static stability being contained below 1.4 kin, which is a typical

depth of the cold dome (Bell and Bosart 1988). However, because of the effects of friction

as discussed earlier, the lowest level isentropes are strongly suspect. Static stability is

indicated at the reference stations, RNK and MHX, and this stability is carried throughout

the retrieved cross sections indicating possible bias. There is static instability indicated at

the upper two levels for CAE, GSP, and LTX. This could be an indication of instability

and possibly convection, or it could just be a bias in the temperature retrieval. There was

no evidence of any widespread convection at any time. Since after 19/1200Z the coastal

front was drawing close to LTX and INS, the temperature retrieval was taken across the

coastal front between stations. This can create VAD errors (non-homogeneous assumption

made questionable), and thus the instantaneous temperature gradients may not be valid

across these areas (with a front lying between stations).

Despite problems due to friction, bias, and possibly inhomogeneity, internal

consistency between retrieved thermal products is good. For example, the strong warm

advection shown at 1.4 km for Raleigh and Greenville (Figs. 5.6a and b) match the warm

advection indicated on the retrieved 850 mb analysis (Fig. 5.4a) for these same stations.

Also, comparisons were done between retrieved temperature advection cross sections and

static stability changes deduced from the retrieved isentropic cross sections. At 12Z, the

Raleigh advection field (Fig. 5.6a) shows warm advection at mid levels and cold advection

at upper levels. The Raleigh isentropic analysis (Fig. 5.8a) shows the upper two levels
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nearly adiabatic, which matches the indicated vertically differential thermal advection. By

18Z, the Raleigh advection field shows strongest cold advection at mid levels with lower

values at higher levels, which would indicate stabilization in that layer. The isentropic

analyses indicates stabilization in that level between 1.1 and 1.4 km. Likewise, the

Greenville advection patterns (Fig. 5.6b) show strong warm advection centered at 1.4 km

with weaker warm advection at lower levels between 19/12Z and 19/18Z. The Greenville

isentropic analyses (Fig. 5.8b) show stabilization occurring between 1.1 and 1.4 km

during this time interval, with destabilization aloft. Similar comparisons made at the other

sites also suggest such internal consistency.

There were several possible sources of error for this case, as discussed in section 4.2,

but calculations were revealed that these errors were not significant. The region was

initially dominated by anticyclonically curved flow which would cause the retrieved

temperature gradient I VrTI to overestimate the actual one I V0,TI (from Eq. (4.6) term b).

Cyclonically curved flow at Wilmington and Morehead City at later times (19/1200Z, see

Fig. 5.5b) would cause IVrTI to underestimate IV CTI. The nonuniform wind direction

with height observed could introduce errors in the direction of VrT (from Eq. (4.6) term

c). An error analysis was done for Raleigh on 19/1200Z to look at magnitudes of terms b

and c in Eq. (4.6). Streamline analysis was done at 850 mb and 925 mb to estimate

curvature. The magnitudes of both term b and c were found to be 2' and 50 C/day,

respectively. These values were an order of magnitude smaller than the typical values of

VrT for this case, which were 20°C/day.

The warm advection at the lowest levels, mentioned earlier, might be partly attributed to

friction causing strong ageostrophic flow. The Ekman spiral (caused by friction) displays

veering winds with height within the boundary layer and can cause the thermal wind to

indicate false warm advection (Stull 1994). The surface flow across the damming region is
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almost perpendicular to the isobars (Figs. 5.1-5.3) causing the geostophic assumption and

retrieval technique to be violated.

An example of the magnitude of friction compared to Coriolis is shown in Fig. 5.10 for

this cross-isobar surface flow. A calculation was done for the magnitude of friction at the

925 mb level over Raleigh for 19/1200Z (this is somewhere between 600-900 m MSL).

The results (not shown) reveal that friction was an order of magnitude smaller than the

Coriolis force at this level. Thus, frictional effects cause the retrieval technique results for

the first two levels to indicate warm advection that may or may not be valid. By the time

the 925 mb level is reached, winds are near enough to geostrophic balance for this

technique to give reasonable results. The magnitudes of advections are stronger at stations

inland compared to the two stations on the North Carolina coast. The cold air was very

shallow as southerly winds were observed on the VWPs at the lowest level (305 in), while

surface winds were northerly on the North Carolina coast. Frictional effects in this shallow

layer near the surface would magnify actual warm advection that may otherwise have been

present in the geostrophic flow pattern.

Fig. 5.11 shows two potential temperature profiles from the Greensboro, NC and

Wallops Island, VA soundings at 1200Z. The plots show static stability throughout. The

dashed lines are the retrieved potential temperature plots for the nearby radar sites at

Raleigh, NC (on the Greensboro plot) and Wakefield, VA (on the Wallops Island plot).

Both radar site plots show good agreement with the upper air station plots (neither are co-

located) above 1,000 m. Large temperature differences are seen in the lower layers (below

1,000 m). This is due to the strong ageostrophic flow in the lower layers, which will be

discussed in detail later. The veering of the winds to a southerly direction by - 0.7 km

MSL indicates the shallowness of the cold dome. The derived analyses emphasize features

above this altitude, which was roughly at the top of the cold air.
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5.2 January 6-7, 1996

The synoptic situation in this case initially was comprised of very cold air over eastern

Canada, but a secondary synoptic high pressure center built eastward into the northeastern

U.S. very early on 6 January. The advection of the cold air southward was assisted by the

density of the cold air to the north and confluent flow at 500 mb. The cold air was in place

by the time the precipitation moved across North Carolina from 06/1500Z-07/0900Z. The

overall pattern of cyclogenesis showed a classical cold air damming event with very cold

and dry surface-based air in North Carolina which was dammed against the Appalachian

Mountains. This air mass provided additional cooling from strong easterly upslope flow

and diabatic cooling as precipitation evaporated as it fell into the quite dry subcloud layer.

Several short waves were seen at upper levels on the western side of the Appalachian

Mountains, which supported multiple surface lows from Tennessee into the Gulf of Mexico

at 7/OOOOZ (Fig. 5.12b). A surface low developed off of the South Carolina coast about

7/0600Z. While not a classical Miller Type "B" cyclogenesis pattern, there were Miller

Type "B" characteristics in the form of a commonly shared frontal boundary between the

multiple lows to the west and the developing low off of the coast of South Carolina (Miller

1946). The multiple surface lows finally evolved into one dominating single low as the

diving upper level jet rotated around the base of the 500 mb trough. The cold air damming

coupled with these multiple surface lows meant changing thermal advection patterns and a

relatively broad transition zone of mixed precipitation (Fig. 5.15) with multiple

precipitation type changes. To give an idea of the precipitation problems, Raleigh reported

2 inches of snow and 2 inches of sleet mixed with periodic glazing from freezing rain for

the period of the event. The precipitation gradually ended late on 7 January across North

Carolina and the light precipitation that was left fell in the form of snow.

Radar VWP data were collected for the period 06/2100-07/1200Z. Figure 5.16a

depicts the 07/OOOOZ isotherm analysis for the 1.4 km (850 mb) layer. The general pattern
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of the isotherms matches with the 850 mb upper air analysis (Fig. 5.16b), though the

temperature errors are greatest on the coast (1-2°C). This was due to the fact that INS had

no data for this level and so there was no gradient retrieved for the temperature calculations.

The temperature retrieval technique outlined is biased when the data is missing for either of

the reference stations. Comparison with MASS was not possible for this case, because the

model moved the damming out so quickly that comparison could only be made at the

initialization time. The initialization time did not coincide with any of the times in this data

set.

The RAX (Raleigh) temperature advection cross-section for this case (Fig. 5.17a)

shows strong warm advection throughout the period centered at the 1.1 km level. The

strongest warm advection coincides with a 50 kt southeasterly low-level jet that was best

seen in the VWP at 07/0300Z. The jet does not taper off until 07/1200Z, when the warm

advection also shows a decrease in strength. The same advection pattern and VWP jet

appear for GSP, but the jet tapers off 07/0900Z. Because of the effects of friction as

discussed in the earlier case, the lowest levels give highly questionable results, where

warm advection is indicated.

The isentropic cross sections for all stations indicate strong static stability for the entire

period after 7/03Z (Fig. 5.19 & 5.20). The depth of the cold air is indicated to be

somewhat shallower to the east (LTX and INS), compared to RAX, FCX, and AKQ. This

is consistent with classic damming as the depth of the cold air lessens as you move away

from the mountains (Bell and Bosart 1988). In almost all cross sections, the vertical

isentropic gradient shows increasing stability developed with time in the lower layers.

These results are supported by the fact that the coldest surface temperatures occurred at the

last data time period (7/1200Z) according to figure 5.14. These isentropic retrievals are

suspicious because of the bias discussed earlier.
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Internal consistency was again checked and found to be good. For example, the

retrieved 850 mb analysis for OOZ (Fig. 5.16a) indicates strong warm advection at

Columbia and Raleigh, with weaker warm advection at Greenville and Wakefield. The

retrieved temperature advection at 1.4 km height for these stations has exactly those kind of

characteristics, with strong warm advection at Raleigh and Columbia (Figs. 5.17a and c),

weaker at Greenville (Fig. 5.17b), and very weak at Wakefield (Fig. 5.18a). Also, the

strong warm advection at mid levels for Raleigh (Fig. 5.17a) with weaker warm advection

above and below would tend to stabilize the lower levels and destabilize the upper levels

after 07/OOZ. The isentropic analysis for Raleigh (Fig. 5.19a) shows increased

stabilization in low levels and decreased stabilization in upper levels for the same period.

Finally, the Greenville advection patterns (Fig. 5.17b) show the same warm advection

bullseye as Raleigh centered at about 1.4 km. The Greenville isentropic analysis (Fig.

5.19b) again indicates increased stabilization in low levels and decreased stabilization in

upper levels after 07/03Z.

Some of the possible sources for error in this case, as discussed in section 4.2, are

similar to section 5.1. The region was dominated by anticyclonically curved surface flow

which would cause IVrTI to overestimate IVacTI (from Eq. (4.6) term b). Cyclonically

curved flow at Wilmington and Morehead City from 07/0600Z on (Fig. 5.13b) caused

I VrTI to underestimate I V,,TI. The nonuniform wind direction with height observed could

introduce errors in the direction of VrT (from Eq. (4.6) term c).

Given the observed surface cooling that occurred between 07/OOZ and 07/12Z, while

during the same interval of time, the sea level pressures continually decreased (Figs. 5-12-

5.14), an operational forecaster would be perplexed about whether the strength of the CAD

event, the depth of the cold air, and the low-level stratification were actually increasing or

decreasing. However, the VWP thermal advection and isentropic cross section retrievals
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clearly provide much valuable information into these issues concerning the rapidly

changing thermodynamic structure of CAD events.
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6. CONCLUSIONS

A single-station thermal gradient retrieval technique and thermal fields reconstruction

has been applied to wind profile data obtained from WSR-88D VWPs. Single-station time-

height cross section displays of temperature gradient, thermal advection, and isentropes

were produced at seven radar sites across the Mid-Atlantic region. Thermal fields were

then retrieved from the seven stations and mapped as isotherms on the 850 mb surface.

These products were then compared against currently available analysis products (surface

analyses, upper air analyses, and the NCSU MASS mesoscale model fields). The retrieval

method was applied to two cold air damming events in the winter of 1995-1996.

Thermal fields compared favorably with other analyses for key aspects of warm and

cold advection through these CAD events, except in lowest levels (below 0.7 km MSL)

where ageostrophy caused by friction gives poor results. Of special note is the way the

technique, in the cross sections, was able to characterize the changing strength of the

advections. Also, the internal consistency between the different retrieved products was

very good. Comparison of vertically differentiable advection and stabilization changes

were found to be largely consistent. These new products can provide details about the

vertical structure of thermal fields and advection patterns at hourly intervals (though only 3-

hourly analyses were produced here), compared to the 12-hr interval analyses that are

available from the operational rawinsonde network.

Some limitations in retrieving these thermal fields are the need for scatterers (usually

hydrometeors) over the radar to provide a useable VWP, and the need to pressure reference

the VWP data to retrieve the thermal fields. This method is very cumbersome to manipulate

by hand, because converting the VWP analog plots into digital data with accuracy took a

great deal of time and was subject to +5 kt, +100 errors. Also, radar down time can take

away data access, or cause sites to be missing. Some of this limitations and problems can

be adjusted for in the future. Problems remain due to the effects of friction and non-
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homogeneity over the VAD scanning circle, but calculations suggest that errors arising

from curvature and other non-geostrophic effects were generally negligible, at least in the

two cases studied here.

This technique needs to be tested on other cold air damming events, and also to the

onset and decay periods of CAD when more ageostrophic flow typically exists. The

technique should also be used on other types of weather events. In the future, it may be

possible to directly obtain digital values of the VWP winds for both direction and speed

from the WSR-88D RPG product generator. Indeed, this will be required if this technique

is ever to have any hope of ever being implemented and tested operationally. A way of

checking for vertical consistency should be built into the technique, to avoid superadiabatic

lapse rates which occurred sometimes at higher levels. An objective method for obtaining

the temperature values (which does not require referencing rawinsonde sites) is needed,

perhaps using mesoscale model forecasts.

If the retrieval method continues to prove useful, this process could be built into a

WSR-88D algorithm, and these products could then be generated on the PUP. This

information could provide much needed information to forecasters in the future. It is very

important to develop techniques like this, that take advantage of the new technology already

in place.
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Figure 2.5. Geometry of scan for wind measurement by VAD technique (Crum et al.
1993). ®e is the radar elevation angle, Vf is fall velocity, Vh is horizontal velocity, V, is
the velocity toward or away from the radar, d is horizontal distance from radar to
scatterer, r is the range to scatterer along the beam, and P is the angle between horizontal
wind direction and radar beam.
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Figure 3.1. Mid-Atlantic region showing the stations used in this study. Dots indicate
WSR-88D Doppler Radar sites and triangles are rawinsonde sites. RNK is Roanoke,
FCX is Blacksburg, WAL is Wallops Island, GSO is Greensboro, RAX is Raleigh,
MHX and INS are Morehead City, GSP is Greenville/Spartanburg, CAE is Columbia,
CHS is Charleston, and LTX is Wilmington. Arrows indicate to which rawinsonde site
the radar sites were referenced.
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Figure 3.2. Error analysis of time sampling technique for (a) VWP wind speed and (b)
VWP wind direction. Legends are on figure. 9 time sample averages (9 sets of winds
averaged for each height) were used as the baseline for comparison. 1, 3, 5, and 7 time
sample averages were then figured and subtracted from the 9 bar average for both speed
and direction. Size of errors from subtracting other time averages from the 9 bar time
average are shown across the bottom. Each plot is the 9 bar time average minus the
sample average shown in legend.
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Figure 4. 1. Diagram showing sequential order of temperature calculations. Arrows
point from station used as reference point to the station for which the temperature was
being calculated. * indicates calculations done with a two temperature average. (e.g. 7*
means that the calculation from RAX to AKQ was done with the temperature at RAX
averaged from two calculated temperatures.)

40



'8 -4---3Z-1-9

,A- .0 3 ,81 2 6
33 7 25 31 933 .. r 36.9 33 3 4

To 2 37
31 33 33

34 7 36 36 "0
78 1 .. 9 2

2 1
3232

38 6 3

34 4 4 8 '46 7
-.9

445 4 106 42 34 9

4 4 42 54 0 35 176
41 41 4 7 53 .9 147 .* 3

00.00- 52 - 5 34 2 46 8
to

,MOOW 53 5 24 -
37 0 38

Sx 9 51 50 37 M'E p 0 48 0- 36 1 1016
61 5 7 51 - 36

49 16
1000 4 63 8 148

-0 0 2 401 45-- 3664 6 0 00 40
52 1008 1 39 40

4 4 151 -1
51 34 0, 0 40 1 1

3 41 50
4 3 54 4 -8 0' .. 0 W, 41

6 4 40 1012 41 5 0
1 13 5A (a)

4 1 4 4 5 1 136
65 33 61 6 52 6

, 70 .q
3 1 31 0 52 52 Surface Analysis

1004 62 60 13 0600 UTC
63 -

19 December 1995
-17 69 95121910600 SKYC TUPF WSKA-1 RA- WPF BRBK z

19 50 --- 3-1-M2---3.2- -- --
3 2 . 9 . 33 4 1 9 32A, 0 6 2 1016

29 32 8
2 34 32 33

343 9 6 LIP- 11 1

32
35 5 3

32 47 3 4
0..* 40 34

0 40 46 2 1
40 _1794 49 50 22 34

2
39 38 49 34

2

Loom 6 top 000 35 3i pf.0

36 39

55 95 -

0 59 984 53 50 20 47 36.. 9 20
\ -- * '.. 1012

5 7 - 49 4 -- Q 80 39 36

1000- 4 7 4 0 29 - - 45 89 j- 3901

58 5 1004 39 422 49 '_42

-12 
64

51 
41 42 1

0-1 41 5 42 98 -

-0 58 0 134,52 48 .C 42 5146 
0 - -o- 41 4 9

1004 51 51 4 A 5

50 46 52 96 (b)
9, 33 2 2 9 24 58 52

67 1008 Surface Analysis
5

60 9 0900 UTC
58

4 19 December 1995
so 7P - --

951219109OU aAYC TAfPF WSYU RAfSL DWPF BRBK

Figure 5. 1. Surface analysis for 19 December 1995 at (a) 0600 UTC and (b) 0900 UTC.
Thin solid lines are isobars every 2 mb.

41



275 4 65 32 13 2 63 15 Sufc Analysis
34~~10 31UT1C -3

,2 35-07 ~7 7  
26

48V4738 45 55 34 9~

3 wo63255

Fiur 5.2 Sam as 0 Fig 5. exep fo (a) 1200 UTC and (b) 150 UT.

1 42

L6



2 _ _ _ __2 f_ _ . 1 -2 " 1 _ 2 2 4 L 0 2 - 4  , 6 -

333. 2 3

44

r 0 0, 5 1 3'1 543

3~70 ~1000

3.5 42__3

35~~~~~1 Deeme 199 3 34 2 30 5d

434



(a)

6 8

10 ..................... )°° - 18 .... N.,.9 *

A 16

850 mb Retrieved Anal

1200 UTC
19 December 1995

(b) \

6 610 1 2

10 f,,, t .*.

14.4

14"4

850 mb Retrieved Anal
1800 UTC

19 December 1995

Figure 5.4. 850 mb analysis of retrieved temperature. Dashed lines are isotherms every
2°C for 19 December 1995 at (a) 1200 UTC and (b) 1800 UTC. Winds (kts) represent
VWP winds at 850 mb.
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Figure 5.5. a) 850 mb analysis for 19 December 1995 at 1200 UTC. b) MASS model
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Figure 5.6. Temperature advection time-height cross sections for 19 December 1995. a)
Raleigh, NC, b) Greenville/Spartanburg, SC, c) Columbia, SC, and d) Blacksburg, VA.
Solid lines are temperature advection intervals of 20 °C/day (positive = warm advection).
Dashed area indicates interpolation for a missing point during analysis. A dot indicates
vertical interpolation of data point on VWPs. An X over a time period indicates all data
missing for that time. ND means no data at that level (below ground). Heights on left
are MSL.
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Figure 5.7. Same as Fig. 5.6 except for a) Wakefield, VA, b) Wilmington, NC, and c)
Morehead City, NC.
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Figure 5.8. Isentropic time-height cross sections for 19 December 1995. a) Raleigh,
NC, b) Greenville/Spartanburg, SC, c) Columbia, SC, and d) Blacksburg, VA. Solid
lines are isentropes every 2'K. Dashed area indicates interpolation for a missing point.
An X over a time period indicates all data missing for that time. ND means no data at that
level (below ground). Heights on left are MSL.
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Figure 5.9. Same as Fig. 5.8 except for a) Wakefield, VA, b) Wilmington, NC, and c)
Morehead City, NC.
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Figure 5.10. Balance of surface flow in CAD event with strong frictional effects. V is
observed wind, PG is pressure gradient force, Co is coriolis force, F is friction, and
solid lines are isobars.
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Figure 5.11. Potential Temperature plots for 1200 UTC 19 December 1995. Height is
on the left in meters MSL. Solid lines are potential temperature ('K) derived from
rawinsondes at (a) Greensboro, NC and (b) Wallops Island, VA. Dotted lines are radar
retrieved potential temperatures for (a) Raleigh, NC and (b) Wakefield, VA.
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Figure 5.12. Surface analysis for (a) 2100 UTC 6 January 1996 and (b) 0000 UTC 7
January 1996. Thin solid lines are isobars every 2 mb.

52



Surface 1030

Surface Analysis

0 00 UTC

7 January 1996

(b)

Figure 5.13. Same as Fig. 5.12 except for (a) 0300 UTC and (b) 0600 UTC.
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Figure 5.14. Same as Fig. 5.12 except for (a) 0900 UTC and (b) 1200 UTC.
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Figure 5.15 a) Regional radar composite for 7 January 1996 at 0000 UTC. Color codes

are on bottom of figures. b) Regional radar composite for 7 January 1996 at 0900 UTC.
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Figure 5.16. a) 850 mb analysis of retrieved temperature. Dotted lines are isotherms
every 2°C for 0000 UTC 7 January 1996. b) 850 mb analysis for 0000 UTC 7 January
1996. Thin solid lines are height contours every 10 m and dotted lines are isotherms
every 2°C. Winds represent VWP winds (kts) at 850 mb on (a).
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Figure 5.17. Temperature advection time-height cross sections for 6-7 January 1996. a)
Raleigh, NC, b) Greenville/Spartanburg, SC, c) Columbia, SC, and d) Blacksburg, VA.
Solid lines are temperature advection at intervals of 20 °C/day (positive = warm
advection). Dashed area indicates interpolation for a missing point. A dot indicates
vertical interpolation of data point on VWPs. An X over a time period indicates all data
missing for that time. ND means no data at that level (below ground). Heights on left
are MSL.
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Figure 5.18 Same as Fig. 5.17 except for a) Wakefield, VA, b) Wilmington, NC, and c)
Morehead City, NC.
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Figure 5.19. Isentropic time-height cross sections for 6-7 January 1996. a) Raleigh,
NC, b) Greenville/Spartanburg, SC, c) Columbia, SC, and d) Blacksburg, VA. Solid
lines are isentropes every 2'K. Dashed area indicates interpolation for a missing point.
An X over a time period indicates all data missing for that time. ND means no data at that
level (below ground). Heights on left are MSL.
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Figure 5.20. Same as Fig. 5.19 except for a) Wakefield, VA, b) Wilmington, NC, and
c) Morehead City, NC.
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